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4HEȩSUSTAINABLEȩREHABILITATIONȩOFȩANȩHISTORICALȩCONSTRUCTIONȩCANȩONLYȩBEȩACHIEVEDȩIFȩTHEREȩISȩADEQUATEȩKNOWLEDGEȩ
ABOUTȩITSȩSTATEȩOFȩCONSERVATIONȩ4OȩOBTAINȩSUCHȩKNOWLEDGEȩRELIABLEȩSTRUCTURALȩSURVEYȩANDȩDIAGNOSISȩPROCEDURESȩ
NEEDȩ TOȩ BEȩ EMPLOYEDȩ !Nȩ OVERALLȩ DEFINITIONȩ OFȩ THEȩ MOREȩ IMPORTANTȩ TECHNICALȩ PROCEDURESȩ THATȩ NEEDȩ TOȩ BEȩ
CONSIDEREDȩ ISȩ ADDRESSEDȩ TOȩ PROVIDEȩ GENERALȩ GUIDELINESȩ FORȩ THEȩ STRUCTURALȩ SURVEYȩ ANDȩ DIAGNOSISȩ OFȩ HISTORICALȩ
CONSTRUCTIONSȩ!ȩMOREȩDETAILEDȩDESCRIPTIONȩOFȩSOMEȩOFȩTHEȩMETHODSȩISȩTHENȩALSOȩPERFORMEDȩ3EVERALȩCASEȩSTUDIESȩ
AREȩTHENȩPRESENTEDȩTOȩILLUSTRATEȩTHESEȩAPPROACHESȩEMPHASIZINGȩTHEȩIMPORTANCEȩOFȩTHEȩTECHNICALȩINSPECTIONȩANDȩ
SURVEYȩDATAȩINȩTHEȩREHABILITATIONȩACTIONSȩTHATȩWEREȩDEVELOPEDȩINȩEACHȩCASEȩSTUDY
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1. INtrodUCtIoN
)TȩISȩCURRENTLYȩACCEPTEDȩTHATȩTHEȩHERITAGEȩORȩVERNACULARȩ
VALUEȩOFȩANȩHISTORICALȩCITYȩCENTREȩISȩNOTȩDEFINEDȩBYȩTHEȩ
VALUESȩ OFȩ ITSȩ INDIVIDUALȩ CONSTRUCTIONSȩ 3MITHȩ ETȩ ALȩ
	ȩ )NSTEADȩ THISȩ VALUEȩ ISȩ THEȩ RESULTȩ OFȩ THEȩ UNIQUEȩ
FEATURESȩ ANDȩ INTERACTIONSȩ THATȩ CHARACTERIZEȩ THEȩ SETȩ OFȩ
CONSTRUCTIONSȩASȩAȩWHOLEȩ"YȩACKNOWLEDGINGȩTHISȩ FACTȩ
ANDȩ INTEGRATINGȩ ITȩ WITHȩ ECONOMICȩ ANDȩ SUSTAINABILITY
RELATEDȩ ISSUESȩ ITȩ BECOMESȩ CLEARȩ THATȩ THEȩ ADEQUATEȩ
REQUALIFICATIONREHABILITATIONȩOFȩHISTORICALȩCONSTRUCTIONSȩ
NEEDSȩTOȩINVOLVEȩEFFORTSȩTOȩMAINTAINȩTHEIRȩCOMPONENTSȩ
WHILEȩREDISCOVERINGȩTRADITIONALȩCONSTRUCTIONȩTECHNIQUESȩ
TOȩUNDERSTANDȩTHEIRȩPRESERVATIONȩISSUES
"Yȩ SETTINGȩ THATȩ ONEȩ OFȩ THEȩ GOALSȩ OFȩ THEȩ SUSTAINABLEȩ
REHABILITATIONȩOFȩHISTORICALȩCONSTRUCTIONSȩSHOULDȩBEȩTOȩ
PRESERVEȩ THEIRȩ COMPONENTSȩ NAMELYȩ THEIRȩ STRUCTURALȩ
ELEMENTSȩ ASȩMUCHȩ ASȩ POSSIBLEȩ SEVERALȩ FACTORSȩMUSTȩ
THENȩBEȩINVOLVEDȩTOȩACHIEVEȩTHISȩGOALȩ!CKNOWLEDGINGȩ
THEȩ NEEDȩ TOȩ HAVEȩ ADEQUATEȩ KNOWLEDGEȩ ABOUTȩ THEȩ
STATEȩ OFȩ CONSERVATIONȩ OFȩ THEȩ CONSTRUCTIONȩ ANDȩ OFȩ ITSȩ
ELEMENTSȩISȩPERHAPSȩTHEȩMOSTȩIMPORTANTȩONEȩ4HROUGHȩ
THISȩKNOWLEDGEȩWHICHȩMUSTȩBEȩOBTAINEDȩUSINGȩRELIABLEȩ
SURVEYȩOPERATIONSȩTHEȩSTRUCTURALȩCAPACITYȩOFȩANȩEXISTINGȩ
CONSTRUCTIONȩ CANȩ THENȩ BEȩ ESTABLISHEDȩ ASȩ WELLȩ ASȩ ITSȩ
LEVELȩOFȩSAFETYȩ4HEȩIMPORTANCEȩOFȩTHESEȩRESULTSȩMAKESȩ
THISȩKNOWLEDGEȩ INSTRUMENTALȩ FORȩ THEȩDECISIONMAKINGȩ
PROCESSESȩTHATȩWILLȩDEFINEȩWHICHȩREHABILITATIONȩACTIONSȩ
NEEDȩ TOȩ BEȩ UNDERTAKENȩ INȩ THEȩ CONSTRUCTIONȩ/NLYȩ BYȩ
HAVINGȩTHISȩKNOWLEDGEȩWILLȩITȩBEȩPOSSIBLEȩTOȩDETERMINEȩ
IFȩANDȩWHICHȩCOMPONENTSȩOFȩAȩGIVENȩCONSTRUCTIONȩCANȩ
BEȩMAINTAINEDȩ!SȩSUCHȩTHEȩECONOMICȩCOSTSȩOFȩREPAIRȩ
ANDORȩSTRENGTHENINGȩOPERATIONSȩTHATȩMAYȩBEȩREQUIREDȩ
TOȩREHABILITATEȩAȩCERTAINȩCONSTRUCTIONȩAREȩALSOȩAȩDIRECTȩ
CONSEQUENCEȩOFȩTHISȩKNOWLEDGEȩ&ORSYTHȩ	ȩ
)Nȩ THISȩCONTEXTȩ THEȩCURRENTȩPAPERȩADDRESSESȩSOMEȩOFȩ
THEȩMOREȩIMPORTANTȩTECHNICALȩPROCEDURESȩTHATȩNEEDȩTOȩ
BEȩCONSIDEREDȩFROMȩTHEȩPOINTȩOFȩVIEWȩOFȩTHEȩSTRUCTURALȩ
SURVEYȩANDȩDIAGNOSISȩSTAGESȩINȩORDERȩTOȩOBTAINȩRELIABLEȩ
DATAȩ SUPPORTINGȩ THEȩ SUSTAINABLEȩ REHABILITATIONȩ OFȩ
HISTORICALȩ CONSTRUCTIONSȩ !Nȩ OVERALLȩ DEFINITIONȩ OFȩ THEȩ
PROCEDURESȩINVOLVEDȩISȩFIRSTȩPERFORMEDȩTOȩPROVIDEȩAȩSETȩ
OFȩGENERALȩGUIDELINESȩWHICHȩISȩTHENȩFOLLOWEDȩBYȩAȩMOREȩ
DETAILEDȩDESCRIPTIONȩOFȩSOMEȩOFȩTHEȩMETHODSȩ3EVERALȩ
CASEȩ STUDIESȩ AREȩ THENȩ BRIEFLYȩ PRESENTEDȩ TOȩ ILLUSTRATEȩ
ANDȩCOMPLEMENTȩSOMEȩOFȩTHEȩAPPROACHESȩPREVIOUSLYȩ
DISCUSSEDȩEMPHASIZINGȩTHEȩIMPORTANCEȩOFȩTHEȩTECHNICALȩ
INSPECTIONȩANDȩSURVEYȩDATAȩINȩTHEȩREHABILITATIONȩACTIONSȩ
THATȩWEREȩDEVELOPEDȩ4HEȩSELECTEDȩCASEȩSTUDIESȩREFLECTȩ
SOMEȩOFȩTHEȩWORKȩTHATȩHASȩBEENȩCARRIEDȩOUTȩOVERȩTHEȩ
PASTȩYEARSȩBYȩTHEȩ#ONSTRUCTIONȩ)NSTITUTEȩOFȩTHEȩ&ACULTYȩ
OFȩ%NGINEERINGȩOFȩTHEȩ5NIVERSITYȩOFȩ0ORTOȩ0ORTUGALȩINȩ
THEȩFIELDSȩOFȩSTRUCTURALȩCONSERVATIONȩREHABILITATIONȩANDȩ
STRENGTHENINGȩOFȩHISTORICALȩCONSTRUCTIONSȩ
2. StrUCtUral SUrVEY aNd 
dIaGNoSIS ProCEdUrES
2.1 GENEral oVErVIEW
4Oȩ ASSESSȩ THEȩ STRUCTURALȩ STABILITYȩ ANDȩ SAFETYȩ OFȩ Aȩ
GIVENȩ CONSTRUCTIONȩ ADEQUATEȩ KNOWLEDGEȩ ABOUTȩ THEȩ
CONSTRUCTIONȩ NEEDSȩ TOȩ BEȩ OBTAINEDȩ 4Oȩ ENSUREȩ THEȩ
SOUNDNESSȩ OFȩ THISȩ KNOWLEDGEȩ Aȩ SYSTEMATICȩ PROCESSȩ
MUSTȩBEȩCARRIEDȩOUTȩWHICHȩINVOLVESȩSUITABLEȩDATAȩANDȩ
INFORMATIONȩ RESEARCHȩ PROCEDURESȩ THATȩ WILLȩ LEADȩ TOȩ Aȩ
RELIABLEȩDIAGNOSISȩABOUTȩTHEȩSTATEȩOFȩTHEȩCONSTRUCTIONȩ
4HESEȩ DATAȩ ANDȩ INFORMATIONȩ RESEARCHȩ PROCEDURESȩ
INVOLVEȩ Aȩ SERIESȩ OFȩ QUALITATIVEȩ ANDȩ QUANTITATIVEȩ
OPERATIONSȩ WHEREȩ THEȩ LATTERȩ AREȩ ONLYȩ PERFORMEDȩ IFȩ
THEȩ FORMERȩ AREȩ FOUNDȩ TOȩ BEȩ INSUFFICIENTȩ TOȩ PROVIDEȩ
THEȩ NECESSARYȩ DATAȩ 4HESEȩ OPERATIONSȩ AREȩ GENERALLYȩ
TERMEDȩ STRUCTURALȩ INSPECTIONȩ ANDȩ SURVEYȩ PROCEDURESȩ
ANDȩ INCLUDEȩSITEȩVISITSȩ TOȩ INSPECTȩ THEȩCONDITIONȩOFȩ THEȩ
CONSTRUCTIONȩ ANDȩ ITSȩ SURROUNDINGSȩ ANDȩ TOȩ SURVEYȩ THEȩ
RELEVANTȩGEOMETRICȩDATAȩMECHANICALȩPROPERTIESȩOFȩTHEȩ
MATERIALSȩ STRUCTURALȩ LOADTRANSFERȩ MECHANISMSȩ ANDȩ
DAMAGESȩ OFȩ THEȩ CONSTRUCTIONȩ !LTHOUGHȩ Aȩ TECHNICALȩ
INSPECTIONȩ INVOLVINGȩ JUSTȩ Aȩ VISUALȩ ASSESSMENTȩ ISȩ SEENȩ
TOȩBEȩFUNDAMENTALȩTOȩPROVIDEȩAȩPRELIMINARYȩANALYSISȩOFȩ
THEȩCONSTRUCTIONȩ ITSȩOUTCOMESȩAREȩHIGHLYȩDEPENDENTȩ
ONȩ THEȩ EXPERIENCEȩ ANDȩ KNOWLEDGEȩ OFȩ THEȩ ANALYSTS	ȩ
THATȩ CARRYȩOUTȩ THEȩASSESSMENTȩ4HEREFOREȩ ITȩ ISȩ ALWAYSȩ
IMPORTANTȩTOȩINVOLVEȩTWOȩORȩMOREȩANALYSTSȩINȩAȩTECHNICALȩ
INSPECTIONȩ TOȩ ALLOWȩ FORȩ AȩMOREȩ INDEPTHȩ OBSERVATIONȩ
OFȩ THEȩ CONSTRUCTIONȩ ANDȩ REDUCEȩ THEȩ EXISTINGȩ LEVELȩ OFȩ
UNCERTAINTYȩ &URTHERMOREȩ BYȩ HAVINGȩ MOREȩ THANȩ ONEȩ
ANALYSTȩDOINGȩTHEȩASSESSMENTȩITȩISȩPOSSIBLEȩTOȩDISCUSSȩ
THEȩ TECHNICALȩ VALIDITYȩ OFȩ WHATȩ WASȩ OBSERVEDȩ ANDȩ
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SURVEYEDȩTAKINGȩ INTOȩACCOUNTȩDIFFERENTȩPOINTSȩOFȩVIEWȩ
ANDȩFRAMESȩOFȩREFERENCE
!FTERȩ GATHERINGȩ THEȩ NECESSARYȩ INFORMATIONȩ ABOUTȩ THEȩ
CONSTRUCTIONȩ THISȩ INFORMATIONȩ ISȩ THENȩ COMPILEDȩ ANDȩ
ORGANIZEDȩ WITHINȩ Aȩ TECHNICALȩ INSPECTIONȩ REPORTȩ THATȩ
WILLȩ SERVEȩ ASȩ THEȩ FUNDAMENTALȩ INFORMATIONȩ TOOLȩ FORȩ
THEȩ SUBSEQUENTȩ DEFINITIONȩ OFȩ THEȩ POTENTIALȩ NEEDȩ FORȩ
INTERVENTIONSȩ7ITHȩ RESPECTȩ TOȩ THEȩDAMAGESȩ FOUNDȩ INȩ
THEȩ CONSTRUCTIONȩ THEȩ REPORTȩ USUALLYȩ PRESENTSȩ THEMȩ
USINGȩ DAMAGEȩ MAPSȩ &IGȩ 	ȩ ANDȩ DESCRIBESȩ THEIRȩ
POTENTIALȩ SOURCESȩ ASȩWELLȩ ASȩ POSSIBLEȩMEASURESȩ THATȩ
MAYȩBEȩ REQUIREDȩ TOȩ REPAIRȩ THEMȩORȩ TOȩ PREVENTȩ THEMȩ
FROMȩSPREADINGȩANDȩINCREASING
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Figure 1.
Example of a damage map.
2.2 dESCrIPtIoN oF tHE ProCEdUrES
3OMEȩOFȩTHEȩMOREȩRELEVANTȩPROCEDURESȩTHATȩNEEDȩTOȩBEȩ
PERFORMEDȩINȩAȩTECHNICALȩINSPECTIONȩAREȩADDRESSEDȩINȩ
THEȩFOLLOWINGȩ%VENȩTHOUGHȩNOTȩALLȩOFȩ THEȩPROCEDURESȩ
THATȩ AREȩ DESCRIBEDȩ NEEDȩ TOȩ BEȩ INVOLVEDȩ INȩ Aȩ CERTAINȩ
TECHNICALȩ INSPECTIONȩ THEYȩ AREȩ MENTIONEDȩ HEREINȩ TOȩ
COMMENTȩ ONȩ THEIRȩ USEFULNESSȩ ANDȩ ONȩ THEȩ TYPEȩ OFȩ
MATERIALSȩTOȩWHICHȩTHEYȩCANȩBEȩAPPLIEDȩ4HEȩFOLLOWINGȩ
LISTȩ OFȩ PROCEDURESȩ ISȩ NOTȩ EXHAUSTIVEȩ BUTȩ REPRESENTSȩ
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WHATȩISȩBELIEVEDȩTOȩBEȩTHEȩBESTȩPRACTICEȩFORȩSTRUCTURALȩ
INSPECTIONSȩANDȩSURVEYSȩINȩORDERȩTOȩACHIEVEȩAȩRELIABLEȩ
DIAGNOSISȩABOUTȩTHEȩCONSTRUCTIONȩUNDERȩANALYSIS
sȩ #HARACTERIZATIONȩ OFȩ THEȩ OVERALLȩ GEOMETRYȩ OFȩ THEȩ
CONSTRUCTIONȩ USINGȩ EXISTINGȩ DATAȩ ORȩ USINGȩ SURVEYEDȩ
DATAȩ OBTAINEDȩ FROMȩ TRADITIONALȩ TOPOGRAPHICȩ ORȩ
PHOTOGRAMMETRICȩ TECHNIQUESȩ )Nȩ THEȩ CASEȩ OFȩ
CONSTRUCTIONSȩWHEREȩ Aȩ HIGHLYȩ DETAILEDȩ ANDȩ RIGOROUSȩ
GEOMETRICȩSURVEYȩMAYȩBEȩ REQUIREDȩ THEȩUSEȩOFȩ LASERȩ
SCANNINGȩ TECHNIQUESȩ CANȩ ALSOȩ BEȩ ENVISAGEDȩ !ȩ
RIGOROUSȩ GEOMETRICALȩ ASSESSMENTȩ CANȩ OFTENȩ LEADȩ
TOȩ THEȩ IMMEDIATEȩDETECTIONȩOFȩ IRREGULARITIESȩ SUCHȩASȩ
VERTICALȩANDORȩHORIZONTALȩMISALIGNMENTSȩORȩDEVIATIONSȩ
OFȩTHEȩSTRUCTUREȩTHATȩCANȩBEȩASSOCIATEDȩWITHȩSTRUCTURALȩ
DAMAGEȩORȩANOMALIESȩ"ECKMANNȩANDȩ"OWLESȩ	
sȩ )DENTIFICATIONȩ OFȩ THEȩ CURRENTȩ STRUCTURALȩ LOAD
TRANSFERȩMECHANISMSȩ ANDȩPOSSIBLYȩ ALSOȩ OFȩ PREVIOUSȩ
MECHANISMSȩ INȩ CASEȩ THEȩ CONSTRUCTIONȩ HASȩ BEENȩ
MODIFIEDȩOVERȩTIME	
sȩ $EFINITIONȩOFȩTHEȩMOREȩIMPORTANTȩELEMENTSȩOFȩTHEȩ
STRUCTURALȩLOADTRANSFERȩMECHANISMSȩANDȩIDENTIFICATIONȩ
OFȩTHEIRȩMATERIALS	
sȩ )DENTIFICATIONȩ OFȩ ALLȩ THEȩ DAMAGESȩ PARTICULARLYȩ
STRUCTURALȩ DAMAGES	ȩ ANDȩ PREPARATIONȩ OFȩ Aȩ DETAILEDȩ
PHOTOGRAPHICȩRECORDȩOFȩTHEȩCONSTRUCTIONȩADEQUATELYȩ
REFERENCEDȩ INȩ THEȩ CONSTRUCTIONSȩ TECHNICALȩ DRAWINGSȩ
IEȩ Aȩ DAMAGEȩMAP	ȩ 4HEȩ SURVEYȩ OFȩ THEȩ OBSERVABLEȩ
CRACKSȩ FOUNDȩ ACROSSȩ THEȩ STRUCTUREȩ ALONGȩ WITHȩ THEIRȩ
SHAPESȩANDȩ THEIRȩWIDTHSȩ ISȩPARTICULARLYȩ IMPORTANTȩ TOȩ
PERFORMȩAȩPRELIMINARYȩQUALITATIVEȩASSESSMENTȩOFȩ THEȩ
CONSTRUCTIONSȩ STABILITYȩ ANDȩ STRUCTURALȩ SAFETYȩ ANDȩ TOȩ
IDENTIFYȩ POSSIBLEȩ SOURCESȩ OFȩ INSTABILITYȩ "ECKMANNȩ
ANDȩ "OWLESȩ 	ȩ !Tȩ THISȩ POINTȩ THEȩ POTENTIALȩ FORȩ
WATERȩ INFILTRATIONȩ SHOULDȩ ALSOȩBEȩANALYSEDȩ SINCEȩ ITȩ ISȩ
ONEȩ OFȩ THEȩMAINȩ SOURCESȩ OFȩ STRUCTURALȩ DEGRADATIONȩ
)NȩCASEȩOFȩAȩCONSTRUCTIONȩWITHȩTIMBERȩFLOORSȩORȩROOFSȩ
ITȩ ISȩ IMPORTANTȩ TOȩ OBSERVEȩ ANDȩ ANALYSEȩ THEȩ STATEȩ OFȩ
CONSERVATIONȩ OFȩ THEȩ TIMBERȩ BEAMSȩ ASȩ WELLȩ ASȩ TOȩ
CONFIRMȩ THEȩ EXISTENCEȩ OFȩ NOGGINSȩ ANDȩ THEIRȩ STATEȩ
OFȩ CONSERVATIONȩ !NALYSINGȩ THEȩ AREASȩ WHEREȩ THESEȩ
TIMBERȩBEAMSȩAREȩSUPPORTEDȩBYȩTHEȩMASONRYȩWALLSȩASȩ
WELLȩASȩTHEIRȩMIDSPANȩDEFLECTIONȩISȩALSOȩCRITICALȩ7HENȩ
SURVEYINGȩCONSTRUCTIONSȩWITHȩOLDȩREINFORCEDȩCONCRETEȩ
2#	ȩSLABSȩITȩISȩIMPORTANTȩTOȩIDENTIFYȩTHEȩTYPEȩOFȩSLABȩINȩ
ORDERȩTOȩUNDERSTANDȩTHEȩMECHANICALȩBEHAVIOURȩOFȩTHEȩ
WHOLEȩ FLOORȩ SYSTEMȩ-ANYȩDIFFERENTȩ TYPESȩOFȩ2#ȩ FLOORȩ
SYSTEMSȩCANȩBEȩFOUNDȩINȩOLDERȩCONSTRUCTIONSȩRANGINGȩ
FROMȩGRIDSȩOFȩ2#ȩBEAMSȩTOPPEDȩWITHȩAȩ LOWȩTHICKNESSȩ
SOLIDȩ 2#ȩ SLABȩ TOȩ ONEWAYȩ RIBBEDȩ SLABSȩ WITHȩ CLAYȩ TILEȩ
BLOCKȩFILLERSȩ&URTHERMOREȩANALYSINGȩTHEȩDEFLECTIONȩOFȩ
THEȩSLABȩANDȩTHEȩCRACKSȩEXHIBITEDȩBYȩTHEȩSLABȩANDȩTHEȩ
BEAMSȩISȩALSOȩESSENTIAL
sȩ $EFINITIONȩ OFȩ TESTSȩ THATȩ NEEDȩ TOȩ BEȩ PERFORMEDȩ
TOȩ CHARACTERIZEȩ THEȩ MECHANICALȩ PROPERTIESȩ OFȩ THEȩ
MATERIALSȩANDȩTHEȩBEHAVIOURȩOFȩTHEȩSTRUCTUREȩINCLUDINGȩ
THEȩFOUNDATIONSȩ4HEȩTESTSȩCARRIEDȩOUTȩFORȩTHEȩMATERIALSȩ
OFȩ DIFFERENTȩ PARTSȩ OFȩ THEȩ STRUCTUREȩ ANDȩ FOUNDATIONSȩ
AREȩ Aȩ FUNDAMENTALȩ PARTȩ OFȩ THEȩ SURVEYȩ PROCEDURESȩ
ANDȩ DEPENDINGȩ ONȩ THEȩ TESTȩ CANȩ PROVIDEȩ EITHERȩ
QUANTITATIVEȩ ORȩ QUALITATIVEȩ INFORMATIONȩ 4HESEȩ TESTSȩ
CANȩ BEȩ PERFORMEDȩ ONȩ MATERIALȩ SAMPLESȩ COLLECTEDȩ
THROUGHOUTȩ THEȩ CONSTRUCTIONȩ INȩ THISȩ CASEȩ THEȩ TESTSȩ
AREȩUSUALLYȩDESTRUCTIVEȩORȩSEMIDESTRUCTIVE	ȩORȩCANȩBEȩ
PERFORMEDȩINȩSITUȩINȩTHISȩCASEȩTHEȩTESTSȩAREȩUSUALLYȩNON
DESTRUCTIVE	
)Nȩ SITUȩ TESTSȩ USUALLYȩ INVOLVEȩ LESSȩ INTRUSIVEȩ ACTIONSȩ TOȩ
THEȩ STRUCTUREȩ ANDȩ THEȩ RESULTSȩ OBTAINEDȩ AREȩ TYPICALLYȩ
QUALITATIVEȩ WITHȩ THEȩ EXCEPTIONȩ OFȩ RESULTSȩ OBTAINEDȩ
FROMȩDYNAMICȩIDENTIFICATIONȩORȩAMBIENTȩVIBRATIONȩTESTSȩ
4HESEȩ QUALITATIVEȩ RESULTSȩ AREȩ PARTICULARLYȩ IMPORTANTȩ
SINCEȩ THEYȩ PROVIDEȩ Aȩ PRELIMINARYȩ ASSESSMENTȩ OFȩ THEȩ
MECHANICALȩCHARACTERISTICSȩOFȩ THEȩMATERIALSȩ4HISȩ TYPEȩ
OFȩ TESTȩ CANȩ BEȩ USEDȩ TOȩ #ARPINTERIȩ ANDȩ ,ACIDOGNAȩ
	ȩ I	ȩ IDENTIFYȩ HIDDENȩ STRUCTURALȩ ELEMENTSȩ SUCHȩ
ASȩ COLUMNSȩ INTERMEDIATEȩ FLOORȩ STRUCTURESȩ ETCȩ II	ȩ
QUALIFYȩ THEȩ MATERIALSȩ ANDȩ THEIRȩ HETEROGENEITYȩ ACROSSȩ
THEȩ STRUCTUREȩ III	ȩ ASSESSȩ THEȩ EXTENTȩ OFȩ MECHANICALȩ
DAMAGEȩ INȩ STRUCTURESȩ WITHȩ CRACKEDȩ ELEMENTSȩ IV	ȩ
DETECTȩTHEȩEXISTENCEȩOFȩVOIDSȩANDȩCAVITIESȩV	ȩEVALUATEȩ
THEȩ MOISTUREȩ CONTENTȩ ANDȩ THEȩ LEVELȩ OFȩ WATERȩ RISEȩ BYȩ
CAPILLARYȩEFFECTSȩVI	ȩ IDENTIFYȩSURFACEȩDEGRADATIONȩANDȩ
VII	ȩ EVALUATEȩ SOMEȩ OFȩ THEȩ PHYSICALȩ ANDȩ MECHANICALȩ
PROPERTIESȩOFȩTHEȩMATERIALSȩ4ESTSȩSUCHȩASȩTHEȩSONICȩTESTȩ
THEȩULTRASONICȩTESTȩTHEȩGROUNDȩPENETRATINGȩRADARȩTESTȩ
THEȩDYNAMICȩIDENTIFICATIONȩTESTȩTHEȩAMBIENTȩVIBRATIONȩ
TESTȩTHEȩ3CHMIDTȩSCLEROMETERȩTHEȩPHENOLPHTHALEINȩP(ȩ
INDICATORȩ THEȩ RESISTOGRAPHȩ TESTȩ THEȩ REBARȩ DETECTIONȩ
TESTȩTHEȩTHERMOGRAPHYȩTESTȩANDȩTHEȩMOISTUREȩCONTENTȩ
TESTȩ AREȩ SOMEȩ EXAMPLESȩ OFȩ INȩ SITUȩ NONDESTRUCTIVEȩ
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TESTSȩ (ELLIERȩ ȩ 3CHULLERȩ 	ȩ 4HEȩ RESULTSȩ OFȩ
THESEȩNONDESTRUCTIVEȩTESTSȩUSUALLYȩDOȩNOTȩENABLEȩTHEȩ
QUANTITATIVEȩ CHARACTERISATIONȩ OFȩ PARAMETERSȩ DEFININGȩ
THEȩ STRUCTURALȩ BEHAVIOURȩ OFȩ MATERIALSȩ %VENȩ THOUGHȩ
SOMEȩOFȩTHEȩTESTSȩPROVIDEȩAȩQUALITATIVEȩDESCRIPTIONȩOFȩ
THEȩSTRUCTUREȩEGȩTHEȩGROUNDȩPENETRATINGȩRADARȩTEST	ȩ
AȩVALUEȩFORȩTHEȩGLOBALȩSTIFFNESSȩEGȩ THEȩDYNAMICȩANDȩ
AMBIENTȩ VIBRATIONȩ TESTS	ȩ ORȩ EVENȩ ESTIMATESȩ OFȩ SOMEȩ
STRUCTURALȩPROPERTIESȩEGȩTHEȩSONICȩANDȩULTRASONICȩTESTSȩ
ASSOCIATEDȩWITHȩEMPIRICALȩCORRELATIONSȩ-IRANDAȩETȩALȩ
ȩ-IRANDAȩETȩALȩ		ȩMOREȩRELIABLEȩANDȩDETAILEDȩ
DATAȩABOUTȩTHEȩCHARACTERISTICSȩOFȩTHEȩMATERIALSȩNEEDȩTOȩ
BEȩ OBTAINEDȩ USINGȩ TESTSȩ THATȩ INVOLVEȩ MOREȩ INTRUSIVEȩ
ANDȩDESTRUCTIVEȩACTIONSȩTOȩTHEȩSTRUCTUREȩ(OWEVERȩTHEȩ
LEVELȩ OFȩ INTRUSIVENESSȩ ANDȩ DESTRUCTIVENESSȩ OFȩ THESEȩ
ACTIONSȩNEEDSȩTOȩBEȩASȩSMALLȩASȩPOSSIBLEȩINȩORDERȩNOTȩTOȩ
INCREASEȩTHEȩGENERALȩLEVELȩOFȩDAMAGEȩOFȩTHEȩSTRUCTUREȩ
4ESTSȩSUCHȩASȩTHEȩCOMPRESSIVEȩTESTȩOFȩCOREDȩSAMPLESȩ
THEȩPULLOUTȩTESTȩTHEȩPULLOFFȩTESTȩTHEȩFLATJACKȩTESTȩORȩTHEȩ
DILATOMETERȩTESTȩAREȩSOMEȩEXAMPLESȩOFȩDESTRUCTIVEȩANDȩ
SEMIDESTRUCTIVEȩTESTSȩ!LMEIDAȩȩ"OSILJKOVȩETȩALȩ
Aȩ"OSILJKOVȩETȩALȩBȩ-IRANDAȩETȩALȩ	
)Nȩ ADDITIONȩ TOȩ THESEȩ TESTSȩ ANȩ ADDITIONALȩ REFERENCEȩ ISȩ
MADEȩTOȩTHEȩCASEȩWHEREȩTHEȩPARTICULARȩCHARACTERISTICSȩ
OFȩTHEȩSTRUCTUREȩUNDERȩANALYSISȩEGȩITSȩVALUEȩDIFFICULTIESȩ
INȩACCESSINGȩTHEȩSTRUCTUREȩDIFFICULTIESȩINȩUNDERSTANDINGȩ
THEȩSTRUCTURALȩBEHAVIOURȩTHEȩLOADȩTRANSFERȩMECHANISMSȩ
ORȩTHEȩEFFECTIVENESSȩOFȩAȩCERTAINȩSTRENGTHENINGȩSOLUTION	ȩ
MAYȩ REQUIREȩ THEȩ CONSTRUCTIONȩ OFȩ Aȩ REDUCEDȩ SCALEȩ
MODELȩ 4HISȩMODELȩWILLȩ THENȩBEȩ TESTEDȩ FORȩ Aȩ SPECIFICȩ
LOADINGȩPATTERNȩTHATȩWILLȩREPRODUCEȩTHEȩSCENARIOȩTHATȩISȩ
REQUIREDȩASȩREALISTICALLYȩASȩPOSSIBLE
%VENȩ THOUGHȩ MOSTȩ THEȩ REFERREDȩ TESTSȩ AREȩ USUALLYȩ
PERFORMEDȩTOȩDETERMINEȩTHEȩPHYSICALȩANDȩMECHANICALȩ
CHARACTERISTICSȩ OFȩ THEȩ STRUCTURALȩMATERIALSȩ SOMETIMESȩ
THEYȩ AREȩ ALSOȩ PERFORMEDȩ TOȩ IDENTIFYȩ ANDȩ CALIBRATEȩ
CONSTITUTIVEȩ RELATIONSȩ THATȩ MAYȩ LATERȩ BEȩ USEDȩ FORȩ THEȩ
STRUCTURALȩMODELLINGȩSTAGEȩWHENȩNECESSARYȩ!LMEIDAȩ
ETȩ ALȩ 	ȩ /Nȩ THEȩ OTHERȩ HANDȩ STATICȩ ORȩ DYNAMICȩ
TESTSȩ INVOLVINGȩ THEȩ ENTIREȩ CONSTRUCTIONȩ ORȩ PARTȩ OFȩ THEȩ
CONSTRUCTIONȩ CANȩ ALSOȩ BEȩ PERFORMEDȩ TOȩ VALIDATEȩ ITSȩ
STRUCTURALȩ BEHAVIOURȩ 4HESEȩ TESTSȩ CANȩ BEȩ USEDȩ TOȩ
DETERMINEȩ THEȩ STRUCTURALȩ BEHAVIOURȩ UNDERȩ SERVICEȩ
LOADSȩBYȩPERFORMINGȩ Aȩ LOADINGȩ TESTȩ BUTȩ CANȩ ALSOȩBEȩ
USEDȩTOȩCOMPAREȩTHEȩEXPERIMENTALȩRESPONSEȩWITHȩTHATȩ
OFȩAȩNUMERICALȩMODELȩTOȩPERFORMȩITSȩCALIBRATIONȩ#OSTAȩ
ANDȩ !RǾDEȩ ȩ 'UEDESȩ ETȩ ALȩ ȩ !TAMTURKTURȩ
ANDȩ,AMANȩȩ"AYRAKTARȩETȩALȩ	
sȩ $EFINITIONȩ OFȩ ȩ ADEQUATEȩ STRUCTURALȩ MODELSȩ
COMPATIBLEȩ WITHȩ THEȩ CONDITIONSȩ THATȩ WEREȩ OBSERVEDȩ
INȩ THEȩ STRUCTUREȩ ANDȩ WITHȩ THEȩ RESULTSȩ OBTAINEDȩ FROMȩ
THEȩEXPERIMENTALȩTESTSȩIFȩ TESTSȩWEREȩPERFORMED	ȩ4HISȩ
PROCESSȩMUSTȩ INVOLVEȩ THEȩCALIBRATIONȩOFȩ THEȩSTRUCTURALȩ
MODELȩ USUALLYȩ Aȩ NUMERICALȩ MODEL	ȩ ANDȩ THEȩ CAREFULȩ
ADJUSTMENTȩOFȩITSȩPARAMETERSȩPOSSIBLYȩUSINGȩSENSITIVITYȩ
ANALYSES	ȩ TOȩ OBTAINȩ ANȩ ADEQUATEȩ FITȩ BETWEENȩ THEȩ
MODELȩ RESPONSEȩ ANDȩ THEȩ EXPERIMENTALȩ DATAȩ 4HEȩ
ACTUALȩ PURPOSEȩ OFȩ THEȩ STRUCTURALȩ MODELȩ WITHȩ RESPECTȩ
TOȩ THEȩ TYPEȩOFȩ RESULTSȩ THATȩWANTȩ TOȩBEȩOBTAINEDȩMUSTȩ
ALSOȩBEȩCONSIDEREDȩWHENȩDEFININGȩ ITSȩ CHARACTERISTICSȩ
SINCEȩ ITȩMAYȩ INFLUENCEȩ THEȩ CONFIGURATIONȩ ANDȩ LEVELȩ OFȩ
DETAILȩOFȩTHEȩSELECTEDȩMODELȩ&ORȩEXAMPLEȩMODELSȩCANȩ
BEȩDEVELOPEDȩWITHȩ THEȩPURPOSEȩOFȩ REPRODUCINGȩANDȩ
INTERPRETINGȩTHEȩSTRUCTURALȩDAMAGEȩTHATȩWASȩOBSERVEDȩ
INȩ THEȩ SURVEYȩ ORȩ TOȩ PREDICTȩ THEȩ STRUCTURALȩ RESPONSEȩ
UNDERȩ LOADINGȩ CONDITIONSȩ THATȩ DIDȩ NOTȩ OCCURREDȩ
YETȩ !LTERNATIVELYȩ MODELSȩ CANȩ ALSOȩ BEȩ DEVELOPEDȩ
TOȩ SIMULATEȩ THEȩ EFFECTSȩ OFȩ REHABILITATIONȩ ANDORȩ
STRENGTHENINGȩINTERVENTIONSȩ6ICENTEȩETȩALȩȩ3ILVAȩ
ETȩALȩ	
sȩ $EFINITIONȩ OFȩ Aȩ STRUCTURALȩ MONITORINGȩ PLANȩ TOȩ
ANALYSEȩ HOWȩ THEȩ STATEȩ OFȩ THEȩ STRUCTUREȩ EVOLVESȩ OVERȩ
TIMEȩ3TRUCTURALȩMONITORINGȩCANȩBEȩPARTICULARLYȩHELPFULȩ
INȩ CASESȩ WHEREȩ THEȩ INFORMATIONȩ OBTAINEDȩ FROMȩ THEȩ
STRUCTURALȩ SURVEYȩORȩ FROMȩOTHERȩSTAGESȩOFȩ THEȩANALYSISȩ
EGȩ THEȩ NUMERICALȩ MODELLINGȩ ETC	ȩ ISȩ INSUFFICIENTȩ
TOȩ ESTABLISHȩ Aȩ FINALȩ DIAGNOSISȩ &Uȩ ȩ +ARBHARIȩ
ANDȩ !NSARIȩ 	ȩ -ONITORINGȩ INVOLVESȩ MEASURINGȩ
ANDȩ CONTROLLINGȩ THEȩ TEMPORALȩ EVOLUTIONȩ OFȩ CERTAINȩ
PARAMETERSȩ SUCHȩ ASȩ LOCALȩ ANDȩ GLOBALȩ DEFORMATIONSȩ
JOINTȩMOVEMENTSȩTEMPERATUREȩVARIATIONSȩSTRESSȩLEVELSȩ
FOUNDATIONȩSETTLEMENTSȩVARIATIONSȩINȩTHEȩUNDERGROUNDȩ
WATERȩ LEVELȩ ETCȩ "Yȩ ANALYSINGȩ THESEȩ PARAMETERSȩ
ITȩ ISȩ THENȩ POSSIBLEȩ TOȩ UNDERSTANDȩ THEȩ EVOLUTIONȩ OFȩ
DAMAGEȩOVERȩTIMEȩASȩWELLȩASȩTOȩIDENTIFYȩMOREȩCLEARLYȩ
THEȩ CAUSESȩ OFȩ THOSEȩ DAMAGESȩ 3UBSEQUENTLYȩ THISȩ
ANALYSISȩPROVIDESȩIMPORTANTȩINFORMATIONȩTOȩDEFINEȩTHEȩ
STRUCTURALȩ DIAGNOSISȩ ANDȩ THEȩ POSSIBLEȩ MEASURESȩ THATȩ
MAYȩBEȩREQUIREDȩTOȩMITIGATEȩORȩELIMINATEȩTHEȩSOURCESȩ
OFȩDAMAGEȩ#OMMONȩTYPESȩOFȩMONITORINGȩINȩMASONRYȩ
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STRUCTURESȩ INVOLVEȩ CONTROLLINGȩ THEȩ WIDTHȩ OFȩ CRACKSȩ ORȩ
JOINTSȩ BETWEENȩ STONESȩ ANDȩ THEȩ STRUCTURALȩ ROTATIONSȩ
ORȩ VERTICALȩ TILTINGȩ #OSTAȩ ETȩ ALȩ 	ȩ 4HISȩ CONTROLȩ
CANȩBEȩPERFORMEDȩUSINGȩDIFFERENTȩ TECHNIQUESȩBUTȩ TOȩ
OBTAINȩHIGHȩPRECISIONȩCONTINUOUSȩ READINGSȩELECTRICALȩ
DISPLACEMENTȩTRANSDUCERSȩCOMMONLYȩKNOWNȩASȩLINEARȩ
VOLTAGEȩDIFFERENTIALȩ TRANSDUCERSȩ nȩ,6$4	ȩAREȩCURRENTLYȩ
USEDȩ(OWEVERȩAVAILABLEȩMEASURINGȩTECHNIQUESȩRANGEȩ
FROMȩCLASSICALȩPLASTERȩLABELSȩTOȩTHEȩMOREȩSOPHISTICATEDȩ
APPROACHESȩ THATȩ INVOLVEȩ ELECTRICALȩ STRAINȩ GAUGESȩ
CONNECTEDȩTOȩAȩDATAȩACQUISITIONȩANDȩRECORDINGȩSYSTEMȩ
%VENȩTHOUGHȩTHEȩPLASTERȩLABELȩTECHNIQUEȩISȩTHEȩSIMPLESTȩ
ONEȩ ITȩ ONLYȩ INDICATESȩ IFȩ Aȩ CRACKȩ ISȩ ACTIVEȩ ORȩ NOTȩ 4HISȩ
LIMITATIONȩ CANȩ BEȩ OVERCOMEȩ BYȩ USINGȩ TELLTALEȩ CRACKȩ
MONITORSȩ ORȩ EXTENSOMETERSȩ 4ELLTALEȩ CRACKȩ MONITORSȩ
AREȩMADEȩOFȩ TWOȩ TRANSPARENTȩPLATESȩOFȩ ACRYLICȩPLASTICȩ
WITHȩAȩMILLIMETREȩRULERȩWHICHȩOVERLAPȩFORȩPARTȩOFȩ THEIRȩ
LENGTHȩANDȩHAVEȩ THEȩABILITYȩ TOȩMOVEȩ RELATIVEȩ TOȩEACHȩ
OTHERȩASȩTHEȩCRACKȩOPENSȩORȩCLOSESȩ!NȩEXTENSOMETERȩ
CANȩ BEȩ Aȩ MECHANICALȩ STRAINȩ GAUGEȩ ATTACHEDȩ TOȩ TWOȩ
SMALLȩMETALȩPLATESȩFIXEDȩTOȩTHEȩSTRUCTUREȩONȩEACHȩSIDEȩ
OFȩTHEȩCRACKȩTHATȩRECORDSȩTHEȩEVOLUTIONȩOFȩTHEȩDISTANCEȩ
BETWEENȩTHESEȩTWOȩFIXEDȩPOINTSȩASȩTHEȩCRACKȩOPENSȩORȩ
CLOSES
)NȩORDERȩTOȩMONITORȩTHEȩGLOBALȩDEFORMATIONȩOFȩSTRUCTURALȩ
ELEMENTSȩ EQUIPMENTȩ SUCHȩ ASȩ DEFLECTOMETERSȩ CANȩ
BEȩ USEDȩ &ORȩ MOSTȩ COMMONȩ SITUATIONSȩ THEȩ USEȩ
OFȩ INEXPENSIVEȩ SOLUTIONSȩ INVOLVINGȩ MECHANICALȩ
DEFLECTOMETERSȩAREȩSUFFICIENTȩBUTȩDIGITALȩDEFLECTOMETERSȩ
AREȩALSOȩCURRENTLYȩAVAILABLEȩ4OȩOBTAINȩHIGHȩPRECISIONȩ
CONTINUOUSȩ READINGSȩ OTHERȩ EQUIPMENTȩ CANȩ ALSOȩ BEȩ
USEDȩSUCHȩASȩ,6$4SȩVIBRATINGȩWIREȩTRANSDUCERSȩWHICHȩ
MEASUREȩ THEȩ RELATIVEȩ DISPLACEMENTȩ BETWEENȩ TWOȩ
FIXEDȩPOINTSȩ THATȩAREȩAPARTȩUPȩTOȩAȩ FEWȩMETRESȩBASEDȩ
ONȩ THEȩ VARIATIONȩ OFȩ THEȩ WIREȩ TENSIONȩ ORȩ TRANSDUCERSȩ
BASEDȩONȩ THEȩGRADIENTȩOFȩ THEȩHYDROSTATICȩPRESSUREȩ INȩ
COMMUNICATINGȩVESSELSȩ7ITHȩRESPECTȩTOȩTHEȩMONITORINGȩ
OFȩ ROTATIONSȩORȩ VERTICALȩ TILTINGȩ THISȩ CANȩBEȩPERFORMEDȩ
WITHȩUNIDIRECTIONALȩORȩBIDIRECTIONALȩCLINOMETERSȩWHICHȩ
SHOULDȩ BEȩ COMBINEDȩ WITHȩ TEMPERATUREȩ SENSORSȩ FORȩ
Aȩ BETTERȩ INTERPRETATIONȩ OFȩ THEȩ RESULTSȩ &URTHERMOREȩ
TOPOGRAPHICȩ MONITORINGȩ ISȩ ANOTHERȩ TECHNIQUEȩ THATȩ
CANȩ BEȩ USEDȩ TOȩMEASUREȩ STRUCTURALȩ DISPLACEMENTSȩ INȩ
Aȩ STRUCTUREȩ ORȩ EVENȩ ATȩ THEȩ ELEMENTȩ LEVELȩ 4HEȩ INȩ SITUȩ
MONITORINGȩANDȩMEASUREMENTȩOFȩFORCESȩORȩSTRESSESȩISȩAȩ
LESSȩFREQUENTȩPROCESSȩANDȩALSOȩAȩMOREȩEXPENSIVEȩONEȩ
0OSSIBLEȩTECHNIQUESȩTHATȩCANȩUSEDȩAREȩTHEȩPREVIOUSLYȩ
REFERREDȩFLATJACKȩTESTȩORȩ LOADȩCELLSȩTHATȩAREȩBASEDȩONȩ
ELECTRICALȩ STRAINȩ GAUGES	ȩ WHICHȩ AREȩ ABLEȩ TOȩ PROVIDEȩ
NORMALȩSTRESSȩVALUESȩ INȩSPECIFICȩAREASȩWHEREȩTHEYȩAREȩ
PLACEDȩ 4HEȩ USEȩ OFȩ LOADȩ CELLSȩ ISȩ Aȩ MOREȩ EXPENSIVEȩ
TECHNIQUEȩANDȩREQUIRESȩAȩDATAȩACQUISITIONȩSYSTEMȩFORȩ
THEȩCONTINUOUSȩRECORDINGȩOFȩDATAȩ&ORȩTHEȩMONITORINGȩ
OFȩEMBANKMENTSȩORȩ FOUNDATIONȩSOILSȩ WHICHȩ ISȩCRUCIALȩ
TOȩ UNDERSTANDȩ THEȩ BEHAVIOURȩ OFȩ STRUCTURESȩ THATȩ AREȩ
FOUNDEDȩINȩTHOSEȩSOILS	ȩINCLINOMETERSȩAREȩUSUALLYȩUSEDȩ
TOȩ RECORDȩ THEȩ EMBANKMENTȩ ORȩ SOILȩ DISPLACEMENTSȩ
RELATIVEȩTOȩAREASȩORȩSTIFFȩSOILSȩTHATȩCANȩBEȩUSEDȩASȩFIXEDȩ
REFERENCEȩELEMENTS
2EGARDLESSȩ OFȩ THEȩ TYPEȩ OFȩ EQUIPMENTȩ FOUNDȩ TOȩ
BEȩ MOREȩ ADEQUATEȩ FORȩ Aȩ CERTAINȩ MEASUREMENTȩ
CAMPAIGNȩ THEȩ CORRESPONDINGȩMONITORINGȩ PLANȩMUSTȩ
BEȩ CAREFULLYȩ DEFINEDȩ TOȩ ADDRESSȩ ALLȩ THEȩ DAMAGESȩ
FOUNDȩ INȩ THEȩCONSTRUCTIONȩANDȩTOȩBEȩCOMPATIBLEȩWITHȩ
THEȩ CURRENTȩ SITUATIONȩ 4HISȩ PLANȩ SHOULDȩ CLEARLYȩ DEFINEȩ
THEȩ MEASUREMENTȩ LOCATIONSȩ THEȩ PARAMETERSȩ THATȩ
NEEDȩTOȩBEȩMEASUREDȩANDȩTHEȩMOSTȩADEQUATEȩWAYȩTOȩ
PERFORMȩ THEȩ MEASUREMENTSȩ NAMELYȩ BYȩ CONSIDERINGȩ
REDUNDANCYȩ ANDȩ CONTINGENCYȩ SCENARIOSȩ TOȩ ACCOUNTȩ
FORȩPOSSIBLEȩ EQUIPMENTȩ FAILURESȩ &INALLYȩ ITȩ SHOULDȩBEȩ
NOTEDȩTHATȩINADEQUATEȩORȩEXCESSIVEȩMEASUREMENTSȩDOȩ
NOTȩ NECESSARILYȩ LEADȩ TOȩ AȩMOREȩ OBJECTIVEȩ ANDȩ BETTERȩ
ANALYSISȩOFȩTHEȩSTRUCTUREȩSINCEȩITȩINCREASESȩCOSTSȩANDȩTHEȩ
ANALYSISPROCESSINGȩTIME
3. CaSE StUdIES
4Oȩ ILLUSTRATEȩ THEȩ IMPORTANCEȩ OFȩ USINGȩ ADEQUATEȩ
STRUCTURALȩSURVEYȩTECHNIQUESȩTOȩESTABLISHȩANȩOBJECTIVEȩ
DIAGNOSISȩ ABOUTȩ THEȩ STATEȩOFȩ CONSERVATIONȩOFȩ AȩGIVENȩ
HISTORICALȩCONSTRUCTIONȩTHATȩMAYȩTHENȩLEADȩTOȩTHEȩNEEDȩTOȩ
PERFORMȩAȩREHABILITATIONȩORȩSTRENGTHENINGȩINTERVENTIONȩ
Aȩ SERIESȩ OFȩ CASEȩ STUDIESȩ AREȩ BRIEFLYȩ ADDRESSEDȩ INȩ THEȩ
FOLLOWINGȩ 4HEȩ SELECTEDȩ CASEȩ STUDIESȩ COVERȩ Aȩ WIDEȩ
RANGEȩOFȩCONSTRUCTIONȩTYPESȩANDȩFOCUSȩTHEȩSPECIFICSȩOFȩ
THEȩSURVEYȩTECHNIQUESȩTHATȩWEREȩUSEDȩINȩEACHȩCASEȩTOȩ
PROVIDEȩ THEȩ RELEVANTȩ BACKGROUNDȩ TOȩ UNDERSTANDȩ THEȩ
DECISIONSȩTHATȩWEREȩMADEȩINȩTERMSȩOFȩTHEȩDIAGNOSISȩ
4HEȩ FIRSTȩ CASEȩ STUDYȩ REFERSȩ TOȩ THEȩ SAFETYȩ ANALYSISȩ FORȩ
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DYNAMICȩ LOADINGȩ WINDȩ ANDȩ EARTHQUAKE	ȩ ANDȩ THEȩ
STRENGTHENINGȩ OFȩ Aȩ SOLIDȩ BRICKȩ MASONRYȩ INDUSTRIALȩ
CHIMNEYȩ LOCATEDȩ INȩ THEȩ OUTSKIRTSȩ OFȩ 0ORTOȩ 0ORTUGALȩ
,OPESȩ ETȩ ALȩ 	ȩ 4HEȩ CHIMNEYȩ ISȩ CURRENTLYȩ
DEACTIVATEDȩBUTȩ REMAINSȩASȩANȩ IMPORTANTȩEXAMPLEȩOFȩ
EARLYȩ TWENTIETHȩ CENTURYȩ INDUSTRIALȩ ARCHITECTUREȩ 4HEȩ
ANALYSISȩ THATȩ WASȩ CARRIEDȩ OUTȩ STARTEDȩ BYȩ PERFORMINGȩ
Aȩ DETAILEDȩ ANDȩ RIGOROUSȩ SURVEYȩ OFȩ THEȩ GEOMETRYȩ
OFȩ THEȩ CHIMNEYȩ USINGȩ TERRESTRIALȩ LASERȩ SCANNINGȩ "Yȩ
USINGȩ THISȩ TECHNIQUEȩ THEȩ GEOMETRICȩ DATAȩ OBTAINEDȩ
FROMȩ THEȩ SURVEYȩ WASȩ ABLEȩ TOȩ REPRESENTȩ THEȩ EXACTȩ
DEFORMEDȩ SHAPEȩ OFȩ THEȩ CHIMNEYȩ )Nȩ ADDITIONȩ Aȩ
Figure 2.
Visual assessment of the 
chimney damages
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VISUALȩ ASSESSMENTȩ OFȩ THEȩ DAMAGESȩ FOUNDȩ ACROSSȩ THEȩ
STRUCTUREȩWASȩALSOȩPERFORMEDȩ&IGȩ	ȩ4OȩESTABLISHȩTHEȩ
STRUCTURALȩ BEHAVIOURȩ CHARACTERISTICSȩ OFȩ THEȩ STRUCTUREȩ
ENVIRONMENTALȩ VIBRATIONȩ TESTSȩ WEREȩ PERFORMEDȩ TOȩ
IDENTIFYȩ THEȩNATURALȩ FREQUENCIESȩANDȩVIBRATIONȩMODESȩ
OFȩ THEȩ STRUCTUREȩ 4HISȩ INFORMATIONȩ WASȩ THENȩ USEDȩ TOȩ
CALIBRATEȩTHEȩNUMERICALȩMODELȩTHATȩWASȩDEVELOPEDȩTOȩ
SIMULATEȩ THEȩ BEHAVIOURȩ OFȩ THEȩ CHIMNEYȩ ANDȩ ANALYSEȩ
ITSȩSTRUCTURALȩSAFETYȩ&IGȩ	ȩ"ASEDȩONȩTHISȩASSESSMENTȩ
CRITICALȩ AREASȩ OFȩ THEȩ STRUCTUREȩ WEREȩ IDENTIFIEDȩ WHICHȩ
THENȩLEDȩTOȩTHEȩDESIGNȩOFȩAȩSTRENGTHENINGȩSOLUTIONȩ4HISȩ
SOLUTIONȩCONSISTEDȩINȩANȩINTERIORȩSTEELȩSTRUCTUREȩWHICHȩ
SIMULTANEOUSLYȩSERVEDȩASȩAȩLADDERȩTOȩACCESSȩTHEȩTOPȩOFȩ
THEȩCHIMNEYȩFORȩMAINTENANCEȩOPERATIONS
%VENȩ THOUGHȩ THEȩ USEȩ OFȩ NONDESTRUCTIVEȩ SURVEYȩ ANDȩ
TESTINGȩTECHNIQUESȩHASȩBEENȩINCREASINGȩINȩTHEȩANALYSISȩ
OFȩOLDERȩANDȩHISTORICALȩMASONRYȩSTRUCTURESȩEVALUATINGȩ
THEȩ MECHANICALȩ PROPERTIESȩ OFȩ THEIRȩ MATERIALSȩ USINGȩ
THESEȩAPPROACHESȩISȩSTILLȩCHALLENGINGȩSINCEȩMOSTȩOFȩTHEȩ
INFORMATIONȩ THATȩ ISȩOBTAINEDȩ ISȩQUALITATIVEȩ4HEREFOREȩ
USINGȩ DIFFERENTȩ TECHNIQUESȩ ANDȩ COMBININGȩ THEȩ DATAȩ
OBTAINEDȩFROMȩALLȩOFȩTHEMȩFORȩCROSSCHECKINGȩISȩESSENTIALȩ
TOȩGETȩ RELIABLEȩ RESULTSȩ!SȩANȩEXAMPLEȩOFȩ THISȩ TYPEȩOFȩ
Figure 3.
Modes of vibration of the 
chimney that were calibrated 
using the results of the 
ambient vibration tests.
APPROACHȩREFERENCEȩ ISȩMADEȩTOȩAȩSECONDȩCASEȩSTUDYȩ
DEALINGȩWITHȩTHEȩSAFETYȩASSESSMENTȩOFȩTHEȩ#LOCKȩ4OWERȩ
OFȩ#AMINHAȩ0ORTUGALȩ 3ILVAȩETȩALȩ	ȩ4HEȩSURVEYȩ
OFȩTHEȩEXTERIORȩANDȩINTERIORȩGEOMETRYȩOFȩTHEȩSTRUCTUREȩ
WASȩCARRIEDȩOUTȩUSINGȩTERRESTRIALȩLASERȩSCANNINGȩWHICHȩ
WASȩTHENȩALSOȩCOMBINEDȩWITHȩORTHOPHOTOGRAPHYȩ&IGSȩ
ȩA	ȩANDȩB	ȩ4HEȩMECHANICALȩPROPERTIESȩOFȩTHEȩSTRUCTUREȩ
ANDȩOFȩTHEȩMATERIALSȩWEREȩCHARACTERIZEDȩUSINGȩAMBIENTȩ
VIBRATIONȩTESTSȩ&IGSȩȩC	ȩANDȩD	ȩANDȩSONICȩTESTSȩ&IGȩ
ȩE	ȩ"ASEDȩONȩ THEȩRESULTSȩOFȩ THEȩSONICȩ TESTSȩONEȩ THEȩ
WALLSȩWASȩFOUNDȩTOȩHAVEȩSTRUCTURALȩCHARACTERISTICSȩTHATȩ
WEREȩDIFFERENTȩTHANȩTHOSEȩOFȩTHEȩREMAININGȩONESȩ4HISȩ
STRUCTURALȩVARIABILITYȩWASȩSEENȩTOȩBEȩCONSISTENTȩWITHȩTHEȩ
DIAGNOSISȩMADEȩBYȩSTONEȩCONSERVATORSRESTORERSȩTHATȩ
BASEDȩONȩTHEȩEXISTENCEȩOFȩSALTSȩONȩTHEȩSURFACEȩOFȩTHATȩ
WALLȩCONCLUDEDȩTHEREȩWASȩWATERȩINȩTHEȩFILLINGȩMATERIALȩ
OFȩ THEȩ WALLȩ IEȩ BETWEENȩ THEȩ INTERNALȩ ANDȩ EXTERNALȩ
STONEȩLEAVESȩOFȩTHEȩWALL	ȩWHICHȩLEDȩTOȩITSȩDEGRADATIONȩ
4HEREFOREȩTHEȩCOMBINEDȩDATAȩOFȩTHEȩTWOȩASSESSMENTȩ
TECHNIQUESȩ WASȩ ABLEȩ TOȩ DETECTȩ THEȩ DEGRADATIONȩ OFȩ
THEȩ FILLINGȩ MATERIALȩ OFȩ THEȩ WALLȩ WHICHȩ THENȩ LEDȩ TOȩ
RECOMMENDINGȩANȩINTERVENTIONȩINVOLVINGȩTHEȩINJECTIONȩ
OFȩAȩCONSOLIDATINGȩGROUT
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4HEȩ THIRDȩ CASEȩ STUDYȩ ADDRESSEDȩ HEREINȩ INVOLVESȩ THEȩ
SAFETYȩASSESSMENTȩANALYSISȩOFȩANȩARCHȩOFȩTHEȩ#HURCHȩOFȩ
4ERCEIROSȩ INȩ"RAGAȩ0ORTUGALȩ #OSTAȩETȩALȩ 	ȩ4HISȩ
CHURCHȩISȩAȩGRANITEȩSTONEȩMASONRYȩBUILDINGȩTHATȩSTARTEDȩ
TOȩ BEȩ BUILTȩ INȩ THEȩ 86))THȩ CENTURYȩ BUTȩ ACCORDINGȩ TOȩ
EXISTINGȩRECORDSȩFOUNDȩDURINGȩTHEȩINITIALȩSURVEYȩSUFFEREDȩ
SEVERALȩMODIFICATIONSȩUNTILȩTHEȩ8)8THȩCENTURYȩ!TȩTHEȩTIMEȩ
OFȩTHEȩSURVEYȩTHEREȩWEREȩCONCERNSȩREGARDINGȩTHEȩOVERALLȩ
STABILITYȩ OFȩ THEȩ ARCHȩ OFȩ THEȩ HIGHCHOIRȩ OFȩ THEȩ CHURCHȩ
DUEȩ TOȩ THEȩ IMPORTANTȩ DEFORMATIONSȩ ITȩ EXHIBITEDȩ 4HISȩ
SITUATIONȩWASȩPARTICULARLYȩSERIOUSȩSINCEȩTHEȩREFERREDȩARCHȩ
ISȩAȩPSEUDOȩTHREECENTEREDȩARCHȩIEȩAȩFLATTENEDȩTHREE
CENTEREDȩARCHȩWITHȩANȩHORIZONTALȩCENTRALȩSPAN	ȩWITHȩANȩ
Mȩ SPANȩ !FTERȩ SHORINGȩ THEȩ STRUCTUREȩ FORȩ SAFETYȩ Aȩ
DETAILEDȩSTUDYȩWASȩPERFORMEDȩTOȩDESIGNȩAȩSTRENGTHENINGȩ
SOLUTIONȩ FORȩ THEȩ ARCHȩ THATȩ WOULDȩ ENSUREȩ ITSȩ STABILITYȩ
WITHOUTȩBEINGȩEXCESSIVELYȩ INTRUSIVEȩ4OȩOBTAINȩAȩMOREȩ
DETAILEDȩ KNOWLEDGEȩ ABOUTȩ THEȩ REALȩ BEHAVIOURȩ OFȩ THEȩ
ARCHȩANDȩTOȩTESTȩTHEȩEFFECTIVENESSȩOFȩTHEȩSTRENGTHENINGȩ
SOLUTIONȩTHATȩWASȩDEVELOPEDȩAȩȩSCALEȩMODELȩOFȩTHEȩ
ARCHȩWASȩTESTEDȩATȩTHEȩSTRUCTURALȩENGINEERINGȩLABORATORYȩ
OFȩTHEȩ&ACULTYȩOFȩ%NGINEERINGȩOFȩTHEȩ5NIVERSITYȩOFȩ0ORTOȩ
&IGSȩȩA	ȩANDȩB	ȩ4HEȩSEVERALȩTESTSȩTHATȩWEREȩCARRIEDȩOUTȩ
WEREȩABLEȩTOȩREPLICATEȩTHEȩREALȩBEHAVIOURȩOFȩTHEȩSTRUCTUREȩ
ANDȩLEDȩTOȩTHEȩDESIGNȩOFȩAȩSTRENGTHENINGȩSOLUTIONȩ4HEȩ
SOLUTIONȩ INVOLVEDȩTWOȩȩTHREADEDȩSTAINLESSȩSTEELȩ TIEȩ
RODSȩGOINGȩ THROUGHȩ THEȩ ARCHȩ LONGITUDINALLYȩ ACROSSȩ ITSȩ
HORIZONTALȩ COMPONENTSȩ THATȩ WOULDȩ BEȩ ANCHOREDȩ TOȩ
THEȩ SIDEȩWALLSȩOFȩ THEȩCHURCHȩ TOȩPROVIDEȩ THEȩNECESSARYȩ
LATERALȩCONFINEMENTȩTOȩTHEȩARCHȩ4HEȩSOLUTIONȩWASȩTESTEDȩ
INȩ THEȩSCALEȩMODELȩANDȩ ITȩWASȩ FOUNDȩ THATȩ SPECIALȩ CAREȩ
WOULDȩBEȩNEEDEDȩTOȩENSUREȩTHEȩHORIZONTALITYȩOFȩTHEȩTWOȩ
PARALLELȩHOLESȩDRILLEDȩALONGȩTHEȩMȩSPANȩ)TȩISȩNOTEDȩ
THATȩPRIORȩTOȩIMPLEMENTINGȩTHEȩSTRENGTHENINGȩSOLUTIONȩ
INȩTHEȩCHURCHȩTHEȩARCHȩWASȩRETURNEDȩTOȩITSȩORIGINALȩIEȩ
UNDEFORMED	ȩ CONFIGURATIONȩ USINGȩ HYDRAULICȩ JACKSȩ !Sȩ
PREVIOUSLYȩREFERREDȩTHEȩTIEȩRODSȩWEREȩTHENȩANCHOREDȩTOȩ
THEȩSIDEȩWALLSȩOFȩTHEȩNAVEȩOFȩTHEȩCHURCHȩFROMȩTHEȩEXTERIORȩ
0ASSIVEȩANCHORSȩWEREȩCONSIDEREDȩ FORȩ THEȩEXTERIORȩWALLȩ
CONNECTIONSȩWHILEȩTHEȩACTIVEȩANCHORINGȩREMAINEDȩINSIDEȩ
THEȩCHURCHȩ&IGȩȩC	ȩ4HEȩLEVELȩOFȩCONFINEMENTȩFORCEȩTHATȩ
WASȩAPPLIEDȩTOȩTHEȩTIESȩWASȩAROUNDȩK.ȩ4HEȩBEHAVIOURȩ
OFȩ THEȩARCHȩANDȩOFȩ THEȩ TIESȩWASȩMONITOREDȩDURINGȩ THEȩ
IMPLEMENTATIONȩ OFȩ THEȩ SOLUTIONȩ &IGȩ ȩ D		ȩ ANDȩ THISȩ
MONITORINGȩWASȩKEPTȩDURINGȩANȩEXTENSIVEȩPERIODȩAFTERȩ
THEȩWORKSȩWEREȩCOMPLETED
a
Figures 4.
Combination of the tower 
façade laser scanning survey 
with orthophotography (a); 
laser scanning survey of 
the structure (b); selected 
recording positions for the 
ambient vibration tests (c); 
accelerometers used in the 
ambient vibration tests (d); 
hammer used in the sonic tests 
(e).Figure 4.a Figure 4.b Figure 4.c
Figure 4.d Figure 4.e
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4HEȩ FOURTHȩ CASEȩ STUDYȩ PRESENTEDȩ HEREINȩ INVOLVESȩ Aȩ
RETROFITTINGȩ INTERVENTIONȩ CARRIEDȩ OUTȩ INȩ THEȩ CHURCHȩ OFȩ
&REIXOȩDEȩ%SPADAA#INTAȩ0ORTUGALȩ#OSTAȩETȩALȩ	ȩ
4HEȩ CONSTRUCTIONȩ OFȩ THISȩ CHURCHȩ BEGANȩ INȩ THEȩ 86)THȩ
CENTURYȩ ANDȩ LASTEDȩ FORȩ ALMOSTȩ Aȩ CENTURYȩ 4HEȩ CHURCHȩ
WASȩBUILTȩACCORDINGȩTOȩTHEȩ0ORTUGUESEȩ-ANUELINOȩSTYLEȩ
ANDȩHASȩ THREEȩNAVESȩ Aȩ CHANCELȩ TWOȩAPSIDALȩ CHAPELSȩ
ANDȩAȩSACRISTYȩ4HEȩCHANCELȩHASȩAȩSQUARESHAPEDȩPLANȩ
ANDȩISȩCOVEREDȩBYȩAȩGRANITEȩRIBBEDȩVAULTȩWITHȩVALUABLEȩ
PAINTINGSȩ INȩ THEȩ INTRADOSȩ&IGSȩȩA	ȩANDȩB	ȩ/VERȩ THEȩ
COURSEȩ OFȩ CONSERVATIONȩ ANDȩMAINTENANCEȩ OPERATIONSȩ
BEINGȩPERFORMEDȩJOINTȩOPENINGSȩWEREȩFOUNDȩBETWEENȩ
SEVERALȩ COMPONENTSȩ OFȩ THEȩ RIBSȩ ANDȩ PANELSȩ OFȩ THEȩ
CHANCELȩVAULTȩ4HEȩINTENSITYȩOFȩTHEȩDAMAGESȩINDICATEDȩ
THATȩ THEȩ VAULTȩ ALREADYȩ EXHIBITEDȩ Aȩ SIGNIFICANTȩ LEVELȩ OFȩ
DEFORMATIONȩ4HEȩDAMAGESȩWEREȩFOUNDȩTOȩBEȩLOCATEDȩ
ATȩABOUTȩAȩQUARTERȩOFȩ THEȩSPANȩOFȩ THEȩVAULTȩANDȩASȩAȩ
PRECAUTIONARYȩMEASUREȩTHEȩSTRUCTUREȩWASȩTEMPORARILYȩ
SHOREDȩ UNTILȩ THEȩ RESULTSȩ OFȩ Aȩ DETAILEDȩ STRUCTURALȩ
INSPECTIONȩ WEREȩ ABLEȩ TOȩ PROVIDEȩ Aȩ MOREȩ CERTAINȩ
DIAGNOSISȩ&IGSȩȩC	ȩANDȩD	ȩ!ȩSTRUCTURALȩINSPECTIONȩWASȩ
THENȩPERFORMEDȩTOȩANALYSEȩTHEȩSTRUCTURALȩSAFETYȩOFȩTHEȩ
VAULTȩWHICHȩINVOLVEDȩAȩDETAILEDȩSURVEYȩOFȩTHEȩSTATEȩOFȩ
THEȩVAULTȩFROMȩTHEȩINTRADOSȩANDȩEXTRADOSȩ7ITHȩTHEȩAIDȩ
OFȩSCAFFOLDSȩANDȩMECHANICALȩLIFTINGȩTOOLSȩBOTHȩSIDESȩOFȩ
THEȩ VAULTȩ WEREȩ ABLEȩ TOȩ BEȩ ACCESSEDȩ !FTERȩ REMOVINGȩ
SOMEȩ OFȩ THEȩ ROOFȩ TILESȩ EXTERIORȩ ITȩ WASȩ POSSIBLEȩ TOȩ
OBSERVEȩ THATȩ JOINTȩ OPENINGSȩ WEREȩ ALSOȩ OCCURRINGȩ INȩ
THEȩ EXTRADOSȩ OFȩ THEȩ VAULTȩ &URTHERMOREȩ THEȩ SURVEYȩ
OFȩ EXTRADOSȩ OFȩ THEȩ VAULTȩ ALSOȩ SHOWEDȩ THATȩ THEȩ ROOFȩ
STRUCTUREȩWASȩINADEQUATELYȩDESIGNEDȩSINCEȩPARTȩOFȩTHISȩ
STRUCTUREȩWASȩVERTICALLYȩSUPPORTEDȩBYȩTHEȩVAULTȩ&IGSȩȩ
E	ȩANDȩF	ȩ
"ASEDȩ ONȩ THEȩ CONDITIONSȩ ANDȩ DAMAGESȩ THATȩ WEREȩ
FOUNDȩDURINGȩTHEȩSURVEYȩSEVERALȩACTIONSȩWEREȩDEFINEDȩ
INȩORDERȩTOȩENSUREȩTHEȩSAFETYȩOFȩTHEȩVAULTȩ/NEȩOFȩTHEȩ
ACTIONSȩ INVOLVEDȩ ADDINGȩ Aȩ MASSȩ FILLȩ ONȩ THEȩ EXTRADOSȩ
TOȩ INCREASEȩ THEȩ STABILITYȩ OFȩ THEȩ STRUCTUREȩ 4HEȩ HEIGHTȩ
OFȩ THEȩ FILLINGȩ WASȩ DETERMINEDȩ BASEDȩ ONȩ Aȩ SENSITIVITYȩ
ANALYSISȩ PERFORMEDȩ USINGȩ Aȩ NUMERICALȩ MODELȩ OFȩ THEȩ
Figures 5.
Views of the laboratory tests 
carried out in the 1:2 scale 
model of the arch (a) and (b); 
detail of the anchorage of the 
real arch (c); view of the arch 
during the implementation 
of the strengthening solution 
and plaster labels that 
were used to monitor the 
occurrence of possible joint 
displacements (d).
Figure 5.a
Figure 5.b
Figure 5.c
Figure 5.d
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VAULTȩ -OREOVERȩ THEȩ STONEȩ COMPONENTSȩ OFȩ THEȩ VAULTȩ
WEREȩALSOȩCONSOLIDATEDȩWHICHȩINCLUDEDȩREPOSITIONINGȩ
SOMEȩOFȩTHEȩSTONESȩANDȩFILLINGȩTHEȩJOINTSȩWITHȩLEDȩSTRIPSȩ
TOȩCREATEȩADDITIONALȩFRICTIONȩ&IGȩȩG	ȩ4HEȩVAULTȩSTONESȩ
WEREȩALSOȩTIEDȩANDȩCLAMPEDȩFROMȩTHEȩEXTRADOSȩANDȩAȩ
CONSOLIDANTȩ AGENTȩ WASȩ THENȩ APPLIEDȩ TOȩ ENHANCEȩ THEȩ
GLOBALȩ BEHAVIOURȩ OFȩ THEȩ VAULTȩ 4HEȩ ACTIONSȩ THATȩWEREȩ
CARRIEDȩOUTȩ INȩ THEȩ STRUCTUREȩALSOȩ INCLUDEDȩ THEȩDESIGNȩ
OFȩ Aȩ NEWȩ TIMBERȩ SELFSUPPORTINGȩ ROOFȩ STRUCTUREȩ THATȩ
PROVIDEDȩ LATERALȩ CONFINEMENTȩ TOȩ THEȩ TOPȩENDSȩOFȩ THEȩ
WALLSȩINȩORDERȩTOȩRESTRAINȩTHEȩDISPLACEMENTSȩOFȩTHEȩVAULT
4HEȩ LASTȩCASEȩSTUDYȩTHATȩ ISȩADDRESSEDȩHEREINȩ INVOLVESȩ
THEȩ SURVEYȩ ANDȩ ANALYSISȩ OFȩ THEȩ REMAINSȩ OFȩ THEȩ 0ENASȩ
2ÌIASȩ#ASTLEȩ0ORTUGALȩ#OSTAȩETȩALȩ	ȩ&IGȩȩA	ȩ4HISȩ
CASTLEȩWASȩBUILTȩ INȩ ȩONȩ TOPȩOFȩ AȩGRANITEȩOUTCROPȩ
AFFECTEDȩ BYȩ Aȩ COMPLEXȩ NETWORKȩ OFȩ FAULTSȩ WITHȩ MANYȩ
NATURALȩCAVITIESȩWHICHȩ ISȩBELIEVEDȩ TOȩBEȩANȩ IMPORTANTȩ
PREHISTORICȩ NATURALȩ SITEȩ 'ROBAȩ ANDȩ 1UINTASȩ 	ȩ
#URRENTLYȩ HOWEVERȩ ONLYȩ Aȩ KEEPȩ WITHȩ Aȩ DIAMOND
SHAPEDȩOCTAGONALȩPLANȩ&IGȩȩB		ȩAȩSMALLȩSOLIDȩCIRCULARȩ
Figures 6.
View of the triumphal arch 
and of the chancel vault 
of the church of Freixo de 
Espada-a-Cinta (a); detail 
of the springing area of the 
vault (b); joint openings in the 
vault and temporary shoring 
of the ribs (c); location of the 
critical deformations of the 
vault (d); original roof structure 
supported by the vault (e) and 
(f); consolidation of the vault 
stones from the extrados (g).
Figure 6.a Figure 6.b Figure 6.c
Figure 6.d Figure 6.e Figure 6.f Figure 6.d
TOWERȩTHATȩWASȩPARTȩOFȩTHEȩCASTLEȩWALLȩ&IGȩȩC		ȩANDȩSOMEȩ
RUINSȩOFȩTHEȩCASTLEȩWALLȩWITHȩAȩLENGTHȩOFȩAPPROXIMATELYȩ
Mȩ &IGȩ ȩ D		ȩ REMAINȩ FROMȩ THEȩ ORIGINALȩ STRUCTUREȩ
7ITHȩRESPECTȩTOȩTHEȩDAMAGESȩTHATȩWEREȩFOUNDȩDURINGȩ
THEȩ SURVEYȩ VERTICALȩ CRACKSȩWEREȩ OBSERVEDȩ INȩ THEȩ TOPȩ
PARTȩOFȩ THEȩ.ORTHȩANDȩ%ASTȩELEVATIONSȩOFȩ THEȩKEEPȩASȩ
WELLȩASȩNEARȩ ITSȩTOPȩOPENINGSȩ&IGȩȩE	ȩ&URTHERMOREȩ
INȩ THEȩ .ORTHȩ ELEVATIONȩ ADDITIONALȩ CRACKSȩ WEREȩ ALSOȩ
OBSERVEDȩINȩTHEȩBOTTOMȩANDȩTOPȩSTONESȩOFȩTHEȩENTRANCEȩ
DOORȩ )Nȩ THEȩ OVERALLȩ THEȩ STRUCTUREȩ OFȩ THEȩ KEEPȩ WASȩ
FOUNDȩ TOȩ BEȩ INȩ ANȩ ADVANCEDȩ STATEȩ OFȩ DEGRADATIONȩ
THATȩWOULDȩ IRREPARABLYȩCOMPROMISEȩ ITSȩ STABILITYȩ IFȩNOTȩ
CCONTAINEDȩWITHINȩAȩSHORTȩAMOUNTȩOFȩTIMEȩ7ITHȩRESPECTȩ
TOȩTHEȩREMAININGȩSTRUCTUREȩOFȩTHEȩCASTLEȩWALLȩMATERIALȩ
DEGRADATIONȩANDȩLOSSȩOFȩMATERIALȩDUEȩTOȩWATERȩEROSIONȩ
WEREȩOBSERVEDȩ&URTHERMOREȩASIDEȩFROMȩTHESEȩEFFECTSȩ
RELATEDȩ TOȩ MATERIALȩ DISAGGREGATIONȩ INADEQUATEȩ
SUPPORTȩCONDITIONSȩWEREȩALSOȩFOUNDȩATȩTHEȩBASEȩOFȩTHEȩ
CASTLEȩWALLȩANDȩATȩ THEȩBASEȩOFȩ THEȩCIRCULARȩ TOWERȩDUEȩ
TOȩEROSIONȩANDȩ FAILUREȩOFȩ THEȩ ROCKȩ 4HISȩ SCENARIOȩWASȩ
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SEENȩ TOȩ SERIOUSLYȩ UNDERMINEȩ THEȩ STABILITYȩ ANDȩ SAFETYȩ
OFȩ THESEȩSTRUCTURESȩ&ROMȩAȩGEOLOGICALȩPOINTȩOFȩVIEWȩ
THEȩ FAILUREȩ ANDȩ EROSIONȩ OFȩ THEȩ REFERREDȩ ROCKȩ MASSESȩ
THATȩMAKEȩUPȩTHEȩSURROUNDINGSȩANDȩSUPPORTȩTHEȩBUILTȩ
STRUCTURESȩAREȩTHEȩMAINȩFOCUSȩOFȩTHEȩANALYSESȩTHATȩWEREȩ
PERFORMEDȩ 4HEȩ CONTINUOUSȩ EROSIONȩ OFȩ CRACKEDȩ ANDȩ
JOINTȩ AREASȩ OFȩ THEȩ ROCKȩ MASSESȩ SUPPORTINGȩ THEȩ BUILTȩ
STRUCTURESȩPROVIDEDȩINADEQUATEȩFOUNDATIONSȩFORȩTHESEȩ
STRUCTURESȩANDȩLEDȩTOȩPOSSIBLEȩSETTLEMENTSȩ'IVENȩTHEȩ
DIFFERENTȩ NATUREȩ OFȩ THEȩ STRUCTURALȩ ELEMENTSȩ INVOLVEDȩ
INȩ THISȩ CASEȩ STUDYȩ THEȩ ACTIONSȩ THATȩ WEREȩ UNDERTAKENȩ
INVOLVEȩ THREEȩ DIFFERENTȩ ASPECTSȩ REHABILITATINGȩ THEȩ
BUILTȩSTRUCTURESȩSTABILIZINGȩROCKȩMASSESȩTHATȩEXHIBITEDȩ
UNSAFEȩCONDITIONSȩANDȩPROVIDINGȩADEQUATEȩCONDITIONSȩ
TOȩ CHANNELȩ THEȩ RAINȩ WATERȩ AWAYȩ FROMȩ THEȩ STRUCTURESȩ
ANDȩ THEȩ SUPPORTINGȩ ROCKȩ MASSESȩ 4HEȩ REFERREDȩ ROCKȩ
MASSESȩAREȩTHOSEȩTHATȩSUPPORTEDȩTHEȩMEDIEVALȩCASTLEȩ
ASȩWELLȩASȩTHOSEȩTHATȩMAKEȩTHEȩPREHISTORICȩNATURALȩSITEȩ
!LTHOUGHȩTHEȩSAFETYȩOFȩTHESEȩSTRUCTURESȩWASȩTHEȩFOCUSȩ
OFȩ THEȩ INTERVENTIONȩTHATȩWASȩCARRIEDȩOUTȩ THEȩSAFETYȩOFȩ
THEȩ HOUSESȩ DOWNHILLȩ OFȩ THEȩ CASTLEȩ STRUCTURESȩ WASȩ ALSOȩ
ACCOUNTEDȩFORȩTOȩAVOIDȩAȩPOTENTIALLYȩDISASTROUSȩSITUATIONȩ
RESULTINGȩFROMȩTHEȩLOSSȩOFȩSTABILITYȩOFȩTHEȩROCKȩMASSESȩORȩ
OFȩTHEȩSTRUCTURES
4HEȩREHABILITATIONȩACTIONSȩCARRIEDȩOUTȩATȩTHEȩKEEPȩINCLUDEDȩ
CLEANINGȩTHEȩVEGETATIONȩFROMȩTHEȩELEVATIONSȩANDȩFROMȩTHEȩ
TOPȩ MATERIALȩ CONSOLIDATIONȩ WITHȩ MORTARȩ REFILLINGȩ INȩ THEȩ
ELEVATIONȩANDȩCROWNINGȩJOINTSȩTHEȩLATTERȩWEREȩMOULDEDȩTOȩ
PREVENTȩWATERȩINFILTRATION	ȩSTRUCTURALȩCONSOLIDATIONȩOFȩTHEȩ
CRACKSȩATȩTHEȩTOPȩANDȩINȩTHEȩ.ORTHȩANDȩ%ASTȩELEVATIONSȩBYȩ
INJECTINGȩCONSOLIDANTSȩANDȩCONFININGȩTHEȩSTRUCTUREȩFROMȩ
THEȩINSIDEȩATȩTWOȩLEVELSȩUSINGȩAȩSTEELȩSTRUCTUREȩ&IGȩȩF	ȩ
4HISȩSTEELȩSTRUCTUREȩWASȩDESIGNEDȩTOȩPROVIDEȩAȩTEMPORARYȩ
CONSOLIDATIONȩOFȩTHEȩKEEPȩUNTILȩANȩINTEGRATEDȩPROJECTȩFORȩ
THEȩREHABILITATIONȩOFȩTHEȩWHOLEȩKEEPȩISȩDEVELOPEDȩ7ITHȩ
RESPECTȩ TOȩ THEȩ CASTLEȩ WALLȩ THEȩ EXISTINGȩ MATERIALSȩ WEREȩ
CONSOLIDATEDȩ THEȩ JOINTSȩ ANDȩ THEȩ TOPȩ OFȩ THEȩ WALLȩ WEREȩ
REFILLEDȩWITHȩMORTARȩANDȩTHEȩSOILȩATȩTHEȩBASEȩWASȩRESETTLEDȩ
4HEȩSAMEȩTECHNIQUEȩWASȩALSOȩUSEDȩFORȩTHEȩCIRCULARȩTOWERȩ
&IGȩ ȩ G	ȩ 4HEȩ SOILȩ RESETTLEMENTȩ IMPROVESȩ THEȩ SUPPORTȩ
Figures 7.
View of the Penas Róias 
castle (a); keep of the castle 
(b); circular tower of the 
castle (c); remaining part 
of the castle wall with loss 
of material at the base (d); 
cracks in the North  and 
East elevations of the keep 
(e); steel structure confining 
the keep from the inside (f); 
consolidation of the supports 
of the circular tower (g); new 
stone wall built to fill and 
smooth unstable rock areas 
(h).Figure 7.a Figure 7.b Figure 7.c Figure 7.d
Figure 7.e Figure 7.f Figure 7.g Figure 7.h
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CONDITIONSȩ OFȩ THEȩ STRUCTURESȩ ANDȩ PREVENTSȩ WATERȩ
INFILTRATIONȩINȩTHEȩDEGRADEDȩAREASȩ )NȩTERMSȩOFȩACTIONSȩ
FORȩTHEȩRAINȩWATERȩCHANNELLINGȩTHEȩFRACTUREDȩROCKȩAREASȩ
WEREȩFILLEDȩWITHȩSTONESȩANDȩMORTARȩ)NȩTHEȩACCESSȩAREAȩ
OFȩTHEȩKEEPȩAȩNEWȩSTONEȩWALLȩWASȩALSOȩBUILTȩTOȩFILLȩANDȩ
SMOOTHȩSEVERALȩUNSTABLEȩROCKȩAREASȩ&IGȩȩH	ȩ4HISȩNEWȩ
WALLȩWASȩFOUNDEDȩINȩSOLIDȩROCKȩTHOUGHȩEXCAVATIONȩANDȩ
ADDITIONALȩVERTICALȩANCHORAGESȩBETWEENȩTHEȩFOUNDATIONȩ
STONESȩANDȩTHEȩSOLIDȩROCKȩMASSȩWEREȩALSOȩPERFORMED
ȩ
4. FINal rEmarKS
4HEȩDESCRIPTIONȩOFȩTHEȩSURVEYȩANDȩDIAGNOSISȩMETHODSȩ
ADDRESSEDȩ HEREINȩ CLEARLYȩ SHOWȩ THATȩ THEȩ SUSTAINABLEȩ
REHABILITATIONȩ OFȩ HISTORICALȩ CONSTRUCTIONSȩ REQUIRESȩ
CAREFULȩPLANNINGȩ INȩORDERȩ TOȩPRESERVEȩ THEIRȩ STRUCTURALȩ
CHARACTERISTICSȩANDȩAUTHENTICITYȩ)NȩTHISȩCONTEXTȩTHEȩUSEȩ
OFȩADEQUATEȩSTRUCTURALȩSURVEYȩTESTINGȩANDȩMONITORINGȩ
TECHNIQUESȩPLAYSȩAȩFUNDAMENTALȩROLEȩINȩORDERȩTOȩASSESSȩ
THEȩ CONSTRUCTIONSȩ STRUCTURALȩ BEHAVIOURȩ INȩ THEȩ MOSTȩ
RELIABLEȩWAYȩPOSSIBLEȩ&URTHERMOREȩBYȩHAVINGȩADEQUATEȩ
DATAȩ ABOUTȩ THEȩ STATEȩ OFȩ CONSERVATIONȩ OFȩ HISTORICALȩ
CONSTRUCTIONSȩANȩOBJECTIVEȩSTRUCTURALȩDIAGNOSISȩCANȩBEȩ
ESTABLISHEDȩANDȩEFFECTIVEȩREHABILITATIONȩMEASURESȩWITHȩ
MINIMALȩANDȩREVERSIBLEȩEFFECTSȩIFȩPOSSIBLE	ȩCANȩTHENȩBEȩ
DEVELOPEDȩFORȩTHEIRȩPRESERVATION
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